Carbon monoxide measurements are obtained from the analysis of the spectra provided by the Interferometric Monitor for Greenhouse Gases (IMG) instrument, which ew on board the Japanese ADEOS satellite. The averaging kernel function of the instrument, which provides the sensitivity of retrieved CO to the vertical atmospheric layers, is calculated. A sequential assimilation approach is used to incorporate this CO data set, along with a detailed associated error budget, into a global three-dimensional chemistry-transport model (MOZART v ersion 2). We show h o w data assimilation allows one to highlight the di erences between modeled and observed CO global distribution. Surface CO mixing ratios computed after assimilation of total columns provided by the IMG instrument are compared with the National Oceanic and Atmospheric Administration (NOAA) -Climate Monitoring and Diagnostics Laboratory (CMDL) in situ measurements, and a good agreement is found between the two data sets. 
Introduction
Large uncertainties remain on the estimated strengths of tropospheric sources and sinks and global budget of ozone (O 3 ), carbon monoxide (CO), and methane (CH 4 ) Brasseur et al., 1999] . These three compounds are strongly coupled through chemical reactions involving the hydroxyl radical (OH), and their global distributions are correlated with anthropogenic emissions. A change in the concentration of one of these species modi es the oxidizing capacity of the troposphere and therefore a ects the lifetimes and abundances of many other trace gases Gupta et al., 1998 ].
Satellite measurements performed by tropospheric remote sensors in the nadir geometry will provide unprecedented information on the key chemically and radiatively active species. Within 10 years, several instruments have been or will be launched on polar-orbiting platforms, recording atmospheric spectra from which concentrations of trace gases that provide a signi cant absorption contribution may be retrieved. In the past, the Measurement of Air Pollution from Space (MAPS) experiment, which ew on board the space shuttle, provided global coverage of CO for four speci c periods Connors et al., 1999] . The Interferometric Monitor for Greenhouse Gases (IMG), which operated in 1996-1997 on the Japanese ADEOS platform, was a forerunner of the next generation missions, recording high-resolution spectra from which infrared-absorbing molecules (e.g., H 2 O, O 3 , CO, CH 4 , and N 2 O) may b e r e t r i e v ed Kobayashi et al., 1999a] . The Measurements of Pollution in the Troposphere (MOPITT) instrument Drummond and Mand, 1996] was launched in December 1999 on board the EOS-TERRA platform and provides global distribution of CO and CH 4 . In the future, the Scanning Imaging Absorption Spectrometer for Atmospheric Cartography (SCIAMACHY) Bovensmann et al., 1999] on board ENVISAT, the Infrared Atmospheric Sounding Interferometer (IASI) Cayla and Javelle, 1995] on the METOP platform, and the Tropospheric Emission Spectrometer (TES) Beer and Glavich, 1989 ] on EOS-AURA will also provide measurements for the main trace gases.
These remote sensors are built using di erent t e c hnologies (gas correlation, radiometer, Fourier transform spectrometer) and provide measurements with di erent spatial and temporal samplings. Data assimilation is a powerful tool for analysis of observations provided by instruments that di er in nature, resolution, and accuracy, and are distributed irregularly in time and space. This technique also allows one to e ciently compare remotely sensed data with in situ data. As large amounts of new data become available from satellite missions, several chemical assimilation schemes are currently developed to analyze the available data or prepare the future missions. Recent p apers describe how tropospheric data assimilation can improve our knowledge on the distribution of ozone Jeuken et al., 1 9 9 9 Elbern and Schmidt, 1999] and carbon monoxide Lamarque et al., 1999] . This paper presents an integrated approach t o study the global distribution of CO, combining measurements provided by a remote sensor with model results using data assimilation techniques. The rst part of the paper is focused on the description of the IMG instrument and the retrieval of CO data for June 1997, and the averaging kernel function associated with the inversion is calculated (section 2). Section 3 provides a short description of the chemistrytransport model used. Details of assimilation t h e o r y and the obtained results are provided in section 4.
IMG Data

IMG Instrument
The IMG instrument w as launched on board the ADEOS satellite on August 17, 1996, and provided 10 months of data until the destruction of the platform solar paddle Kobayashi et al., 1999b] . IMG is a nadir-looking Fourier transform spectrometer which recorded the thermal emission of Earth between 600 and 3030 cm ;1 , with a spectral resolution of 0.1 cm ;1 . Owing to the polar orbit of the satellite, the instrument p r o vides a global coverage of the Earth, making 14 1 4 orbits per day with series of six successive measurements each 86 km along the track, followed by the observation of deep space and of an internal blackbody for calibration purposes. The footprint o n the ground is 8 km x 8 km, in three spectral bands corresponding to three di erent detectors.
CO Measurements
From the spectra recorded by the instrument, the atmospheric constituents which present absorption bands within the thermal infrared spectral range may be retrieved. In the 2000-2500 cm ;1 spectral interval (IMG band 2), the strong CO 1-0 vibrational transition occurs, allowing the retrieval of atmospheric concentration for this molecule. The global distribution of CO total column amounts was obtained from the level 1C data (version 5.6, provided by IMGDIS/ERSDAC), using a neural network inversion approach developed at Service d'A eronomie in the framework of IASI Clerbaux et al., 1995 Clerbaux et al., , 1998a . A detailed description of the neural network inversion algorithm (version 1.0) and its performance is provided by Hadji-Lazaro e t a l . 1999], and intercomparison with other CO retrieval algorithms currently developed for MOPITT and IASI were undertaken Clerbaux et al., 1998b Clerbaux et al., , 1999 .
As reported by Clerbaux et al. 1999 ], one of the problems relative to the CO inversion from IMG spectra is the lack of complementary information on the cloud coverage. To obtain accurate and reliable CO data for the present study, a speci c cloud lter that works in IMG band 2 (2000-2500 cm ;1 ) was developed to remove the pixels contaminated by the presence of clouds Hadji-Lazaro e t a l . , 2001]. This cloud lter was built using coincident measurements of cloud cover fractions provided by t h e P olarization and Directionality of the Earth's Re ectance (POLDER) instrument Parol et al., 1999] that also ew on the ADEOS platform. Plate 1 presents the cloud-ltered CO global distribution as retrieved using the neural network algorithm for the June 16-19 period. This period was selected for the assimilation study because a good spatial coverage is obtained in 4 d a ys and alignment problems which occurred at the beginning of the IMG mission were xed at that time Kobayashi et al., 1999b] . The picture shows that, as expected, there is a strong gradient of CO concentration between the Northern and the Southern Hemispheres. High total column values (more than 2x10 18 molecules/cm 2 ) are found where high levels of industrial activity (North America, Europe, and Asia) and biomass burning (Africa, Asia) occur.
Data Accuracy
In a sequential data assimilation approach, each data point (measured or modeled) is weighted according to the con dence we h a ve for this value. A detailed error budget on the measured CO column amounts, which accounts for the quality of the signal and the performance of the retrieval algorithm, was calculated for each data point.
Retrieval error. A detailed assessment
of the error associated with the CO retrieval is provided by Hadji-Lazaro et al. 1999] . As a summary, retrievals are generally more reliable above t h e s e a than over the land, mainly due to the di culty i n treating emissivity correctly. High CO concentration at the surface (e.g., biomass burning) may be underestimated due to the low sensitivity of the nadir-looking infrared tropospheric sensor to the boundary layer (see discussion in the next section). Furthermore, version 1.0 of the neural network algorithm did not treat the topography correctly, w h i c h induced higher retrieval errors above m o u n tains. According to these various contributions, uncertainties associated with the retrieved CO values were estimated to range between 5 and 25%.
2.3.2. Instrumental error. The IMG level 1 data (spectra) are quality agged, on three separate criteria: quality of the interferogram, quality o f t h e alignment, and phase di erence Kobayashi et al., 1999b] . A preliminary selection was performed by IMGDIS to remove all bad quality agged data, but among the remaining data some were of better quality than others. Uncertainties associated with the quality of the signal were set to values ranging from 0 (three good ags) to 30% (three medium-quality ags).
The contribution of these two sources of uncertainties were added (root sum squared), and Plate 2 pro-Plate 2 vides the distribution of the relative accuracy associated with each measured data point. Values range from 5% to 40%, and the average on the whole data set was calculated to be 10%.
Averaging Kernel
In order to characterize the sensitivity of the measurement to the di erent atmospheric layers, we used the method of perturbation of the CO pro le described by Pougatchev and Rinsland 1995] to calculate the averaging kernel associated with the retrieved IMG CO data. Using this function, data measured by di erent instruments or obtained by atmospheric models may be compared. The averaging kernel is used in the assimilation routine to constrain the model CO vertical pro les with the IMG total column amounts.
The averaging kernel function depends on the instrument (its sensitivity to the atmospheric layers) and on the inversion algorithm (spectral range used and ability t o p r o vide the available information). To calculate the averaging kernel associated with the CO retrieval, an IMG spectra is simulated using the highresolution radiative transfer code LBLRTM Iacono, 1995 Clerbaux et al., 1998a ] with a surface temperature of 288.2 K, an emissivity of 0.98, and the Air Force Geophysics Laboratory (AFGL) U.S. Standard Atmosphere 1976. The 47 vertical layers of the initial CO pro le are perturbed sequentially by a n i n c r e m e n t of concentration d= +7.8x10 17 molecules/cm 2 (one third of the total content), and the CO total column is retrieved for the initial unperturbed spectrum (Q a ) and the 47 perturbed spectra (Q k ret ).
The 47 elements A k of the averaging kernel vector A are obtained from the following equation Reichle et al., 1999] :
This function, plotted in Figure 1 , peaks at 5 km and re ects the low sensitivity of a nadir-looking instrument to the boundary layer as discussed by Clerbaux et al. 1998a] . When compared to the MAPS averaging kernel provided by Reichle et al. 1999] , it can be seen that the maximum contribution peaks lower in the troposphere (maximum contribution was found around 8 km for MAPS). We c hecked that this averaging kernel, when normalized, does not depend on the increment of concentration and on the CO a priori pro le used for the simulation. The averaging kernel vector A was then interpolated on the vertical levels of the atmospheric model (described hereafter). A convolution of this vector with the model CO concentration values for each l a yer allows one to compute an integrated amount that directly compares with the measured IMG columns to be assimilated.
Chemistry-Transport Model
MOZART is a three-dimensional chemistry-transport model of the global troposphere described and evaluated by Brasseur et al. 1998 ] and Hauglustaine et al. 1998 ], respectively. It provides the global distribution of 50 chemical constituents between the Earth's surface and the pressure level of 3 mbar (approximately 35 km altitude). The concentration of each species is predicted by individually solving a mass conservation equation taking into account advective, convective, and di usive transport as well as surface and in situ emissions, photochemical conversions, and wet and dry surface deposition. MOZART i s r u n a t a horizontal resolution of 2.8 o in latitude and longitude (T42) and includes 25 levels in the vertical. Dynamical and chemical processes are calculated each 20-min time step.
The model can be driven either by meteorological elds provided by meteorological centers or by simulations performed by general circulation models (GCM). For this study we used MOZART v ersion 2, driven by the National Centers for Environmental Prediction (NCEP) reanalysis. A similar version of the model was used by Lamarque et al. 1999 ].
Data Assimilation
Assimilation Scheme
The basic concepts of data assimilation have b e e n developed for numerical weather prediction Courtier et al., 1993 , Talagrand, 1997 and recently applied to the analysis of data for atmospheric constituents Fisher and Lary, 1 9 9 5 Khattatov et al., 1999] .
In this study a three-dimensional (3-D) sequential assimilation approach (see Lamarque et al. 1999] and Khattatov et al. 2000 ] for a detailed description of the assimilationscheme) is used to combine the IMG measurements (CO total columns) with the CO pro les calculated by the MOZART ( v ersion 2) model on the global scale. The optimal interpolation procedure is used to calculate the best estimation of the CO concentration, which minimizes the di erences between measured and calculated CO distributions, weighted by the associated errors. 
Assimilation Results
The sequential assimilationscheme was implemented in the chemistry-transport model MOZART ( v ersion 2) and run on a VPP300 Fujitsu computer. The cloud-ltered CO total columns and associated errors (see Plates 1 and 2) obtained from the analysis of IMG spectra for the June 16-19 period were used to constrain the model. The error covariance matrix O was obtained from the error budget described in section 2.3 according to the reliability o f e a c h measurement (diagonal matrix, as observation errors are assumed to be independent). The error associated with the model (B) w as set to 10% (diagonal) to give the same weight, on average, to the model and to the measurements. As the model provides CO pro les at the model resolution, the linear operator H interpolates the model grid points to the observation locations. Each pro le is convolved with the averaging kernel vector calculated in section 2.4 and transformed into an IMG-like measured value, and the assimilated eld is calculated according to equations provided in section 4.1.
Two separate runs of the MOZART ( v ersion 2) model were undertaken for the June 16-19 period: one reference run to check the evolution of CO during these 4 days without assimilation, and one assimilation run where all the data measured by IMG were assimilated (all the measurements performed during one day being assimilated at the same time). The June 19 CO global distributions (mixing ratios, in ppbv) calculated at the surface for these two simulations are plotted respectively in Plate 3 and Plate 4. Plate 5 provides the relative di erence (assimilation run minus reference run, divided by reference run) between these two elds. Irregular patterns at speci c locations are due to the irregular distribution of data, which do not constrain the model equally for all the grid points. Di erences range from -40 to +10% in the Northern Hemisphere (except for west of California where it reaches +25%), and from -10 to +20% in the Southern Hemisphere, except for some localized regions where it reaches +30%. Divergences in the CO gradient m a y come from di erent factors: In the Northern Hemisphere, CO contents may b e overestimated by the model due to the underestimation of calculated OH and important transport to high latitudes (see discussion by Hauglustaine et al. 1998 ] and comparison with results provided by o t h e r chemistry-transport models reported by Kanakidou et al. 1999] ). On the contrary, the CO values are generally higher in the Southern Hemisphere after assimilation, which m a y result from the retrieval algorithm which tends to overestimate the CO columns where very low v alues are observed Hadji-Lazaro e t al., 1999].
Local di erences also come from the fact that the model uses emission sources provided by climatologies, which do not always correctly represent the particular emission conditions prevailing in 1997, for example, emissions due to biomass burning. A detailed study of the geographical distribution of the CO emission sources (biogenic, fossil fuel, and biomass burning) in the model was undertaken. Figure 2 compares Figure 2 the model CO biomass burning source (kg/m 2 ) f o r June over Africa and the res detected by the Along Track Scanning Radiometer (ATSR) on ERS2 in June 1997. As can be seen, the maximum CO emission due to biomass burning is not located at the same place for the model climatology and for the ATSR measurements, which directly impacts on the assimilated CO distribution, as can be observed from Plate 5.
Comparison With the CMDL Network Measurements
Direct validation of CO total column retrievals from IMG measurements is di cult due to the lack o f other CO measurements on a global scale at the same time period. However, data assimilation is a powerful integration tool, allowing one to compare the model surface computed CO (constrained by the assimilationof IMG data) with the surface mixing ratios provided by the National Oceanic and Atmospheric Administration (NOAA) -Climate Monitoring and Diagnostics Laboratory (CMDL) network Novelli et al., 1992 Novelli et al., , 1998 ]. Even if the averaging kernel function shows a lower sensitivity of the instrument a t t h e s u rface level, the assimilated CO total column modi es the whole model pro le and changes the calculated surface mixing ratio.
We used all the daily surface mixing ratios available from CMDL local stations between June 16 and 19 (22 stations) and averaged them when several values were recorded at the same location during the 4-day period. Table 1 details the geographic location Table 1 of each of the 22 CMDL in situ measurements and provides the calculated average CO mixing ratios, as well as the colocated results without and with assimilation of IMG CO measured data in the MOZART model. Figure 3 allows one to visualize the results, Figure 3 showing mixing ratios classi ed by CMDL increasing concentration. The assimilation of IMG CO data consistently improved the agreement b e t ween the model and the CMDL measured data, as all the data above 55 ppbv (17 stations of 22) were found to be in better agreement after assimilation of IMG CO columns in the model. The persistent in uence of the model on the assimilated data can clearly be seen in this picture. For values recorded where a low CO mixing ratio occurs (lower than 55 ppbv, all located in the Southern Hemisphere), divergences are attributed to two di erent sources: First, the inversion algorithm tends to overestimate the retrieved CO for very low mixing ratios (see previous discussion). Second, in the opposite direction, a calibration drift (not corrected for this data set) a ects the CMDL data for low m i xing ratio values, which are then underestimated (P. C . Novelli, private communication, 2000) . We computed root-mean-square di erences between the CMDL and the model values, and the agreement w as found to be of 29.1% for the reference run and improved to 15.9% for the assimilation run. When removing the ve l o west concentration values, the agreement r e a c hes 8.1%.
Conclusions
In this work we s h o w h o w data assimilation of measured CO total columns in a chemistry-transport model allows one to (1) generate global elds from sparse and scattered observation data (2) highlight di erences between measurements and models (3) compare data provided by a remote sensor with groundbased measurements.
The global distribution of CO during 4 days in June 1997 was obtained from the analysis of the spectra provided by the IMG nadir-looking instrument. A detailed error budget was calculated for each datum, which accounts both for the instrumental and for the retrieval uncertainties. The averaging kernel,which characterizes the sensitivity of the CO measurement to the di erent atmospheric layers, was determined. A sequential data assimilation scheme is used to combine the measured CO total columns, the associated errors, and the averaging kernel, with CO pro les provided by the three-dimensional chemistry-transport model MOZART ( v ersion 2). The assimilation of IMG data improves the agreement b e t ween the CO surface mixing ratios measured by the CMDL network and those computed by the MOZART m o d e l .
In the next 5 years, several instruments on board atmosphere-dedicated platforms will provide a large set of new data in the troposphere. All this information, along with that provided by in situ measurements, can be combined through data assimilation techniques in chemistry-transport models, provided averaging kernels and detailed and realistic error budgets are determined. E orts dedicated toward the development of data assimilation and inversion techniques Bergamaschi et al., 2000] will help to maximize the scienti c return of these new instruments.
Projections indicate that in the future there will be important geographical redistribution of surface emissions of ozone precursors. Remote sensing data will allow one to better estimate the global budgets for the main trace gases. If complementary information on emissions is also available (e.g., through instruments ying on the same platform), biomass burning or episodic events may be studied in detail, and the impact on other atmospheric species may b e i n vestigated. The 1997 Indonesian re would have provided a v ery interesting case study to combine global-scale measurements and atmospheric models Hauglustaine et al., 1999 Matsueda et al., 1999 . Unfortunately, IMG measurements were stopped just before due to the failure of the ADEOS solar panels.
Work is in progress to retrieve ozone and methane from the same IMG spectra, which will allow o n e to constrain the model and study how one species in uences the concentration of another species, and to investigate the concentration of other constituents which are not directly measurable from space. Plate 2. Error assessment (relative accuracy, percent) on the retrieved CO data.
Plate 3. CO mixing ratios (ppbv) at the surface for June 19, for the reference run.
Plate 4. CO mixing ratios (ppbv) at the surface for June 19, after assimilation of 4 days of IMG data.
Plate 5. Relative di erence (percent) between the two model runs (before and after assimilation of IMG CO data). 
